One-dimensionally confined nonferromagnetic layers of Cu grown between ferromagnetic layers of Co have an average induced magnetic moment that decreases with Cu film thickness. We studied the effects of changing the nature of confinement to three dimensions by embedding Cu nanoparticles in a Co matrix and measuring the induced moments using x-ray magnetic circular dichroism. The nanoparticle spin moments were more than twice that of films of comparable thickness due to the three dimensional confinement and greater interfacial area.
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Nonmagnetic spacer layers grown between layers of magnetic materials exhibit an induced magnetic moment. [1] [2] [3] [4] For example, Cu layers between Co possess an induced ferromagnetic moment. 1 Theoretical local spin density calculations show that the induced moment, mainly of the spin type, is maximum at the interface and drops to zero within 3-4 atomic layers from the interface. 5 Cu suppresses the magnetic moment of Co by hybridization of the 3d orbitals at the interface. 6 An oscillatory exchange coupling between the Co layers is seen, manifests as an oscillation in the magnetoresistance. 7 This finds application in spin based memory devices. 8 The average induced moment in Cu is inversely proportional to its thickness, an effect related to moments being mainly at the interface.
In this paper, we discuss induced magnetism in three dimensional Cu nanoparticles embedded in a matrix of Co. We show that the moment for nanoparticles of radii r is significantly higher than that in thin films of thickness 2r due to the greater interfacial area. This might lead to greater magnetoresistance in samples containing nanoparticles compared to thin films. The nanoparticles also suppress the spin moment in Co depending on the size and coverage. Using the elemental specificity of polarized x-ray absorption spectroscopy ͑XAS͒, we can compute the magnetic moment by studying the dichroism in the L edges of Cu and Co. 9 This technique, called x-ray magnetic circular dichroism ͑XMCD͒, refers to the difference in XAS obtained with the radiation polarized parallel and antiparallel to the magnetic moment. Orbital and spin magnetic moments can then be obtained from the difference spectra. 10, 11 Since the contribution of the 3d electrons to the moment is greater than that of the 4s electrons, these moments correspond to those of the d electrons. 12 To achieve three dimensional confinement, we condensed an inert Xe multilayer on Co and vapor deposited Cu onto it. Subsequent warm up formed nanoparticles which were delivered to the substrate after Xe removal. This process, called buffer-layer-assisted growth ͑BLAG͒, has been used to grow particles of a wide range of materials, usually with condensed rare gases as buffers. [13] [14] [15] [16] Here, the samples were grown in an ultrahigh vacuum chamber with a base pressure below ϳ1 ϫ 10 −10 Torr. Samples for magnetic measurements were grown on GaAs wafers. A base layer of 100 Å Co was deposited onto the wafers at room temperature, forming a polycrystalline thin film. The Cu nanoparticles formed and delivered to the Co surface by BLAG were then capped with a 50 Å layer of Co at room temperature. The densities and sizes of the particles are controlled by the amount of Cu and thickness of Xe. Since particle formation is independent of the substrate, 13 clusters were grown simultaneously on a-C transmission electron microscopy ͑TEM͒ grids for structural characterization. We also grew Cu thin films at room temperature for comparison with the literature. 1 The Co base-and overlayer thicknesses were the same for the film samples.
TEM images were used to determine the average sizes and densities of the particles. Figure 1 shows representative images with their densities, average radii, and standard deviations listed. For a given amount of material, the particle density decreases with Xe thickness following a power law behavior. 14 The XMCD measurements were carried out at sector 4 of the Advanced Photon Source using Beamline 4-ID-C. An undulator provided the left-and right-circular polarized x-rays with a polarization Ͼ96%. X rays were incident on the sample at a glancing angle of 15°, and all measurements were carried out at room temperature. The samples were magnetized by applying an ϳ200 Oe field. All data were obtained with the samples in the remanent state. Absorption measurements were carried out in the total electron yield mode. The polarization was switched at each photon energy in order to obtain intensities parallel and antiparallel to the sample magnetization. The difference in the spectra, XMCD, is magnetic in origin and proportional to the magnetization in the material. Figure 2͑a͒ shows L-edge XMCD spectra for the Cu nanoparticles with a typical absorption spectrum in the inset. Figure 2͑b͒ shows the corresponding Co L-edge spectrum for 100 Å Co/ 50 Å Cu/ 50 Å Co, with its absorption spectrum in the inset. The absorption spectra were obtained by subtracting the preedge region and scaling to unit step height above the L 2 edge. 1 The spin ͑M s ͒ and orbital ͑M l ͒ magnetic moments were obtained from the XMCD spectra, using sum rules and the areas under the L 3 and L 2 peaks, 1 namely,
where ⌬AL 3 and ⌬AL 2 are the areas under the L 3 and L 2 peaks, and C and B are constants evaluated using the XMCD spectrum from Fig. 2͑b͒ . Because the Cu L 3 and L 2 areas are nearly the same, the induced magnetic moments are mainly spin derived, with a very small orbital magnetic contribution. Table I summarizes the moments for the nanoparticles and the films. Figure 3 shows that the average spin moments for the thin films decrease with the film thickness. This has been observed previously 1, 5 and it was attributed to the fact that the moment exists mainly at the interface and falls to zero within a few layers. The moments can be fitted with a function that has an inverse dependence on film thickness, as shown in the figure. The spin moments induced in the Cu nanoparticles depend critically on particle size with the value dropping by a third as the average particle size increased from ϳ26 to ϳ 30 Å. The nanoparticle moments, as a function of particle diameter, are indicated in Fig. 3 . From the figure, it can be seen that the average particle moment is significantly higher than that in films of the same thickness. The spin moments for the two ϳ30 Å sized nanoparticles with different densities were nearly the same, eliminating effects of particle-particle interactions.
The moments in nanoparticles are significantly higher than those in thin films of equivalent thicknesses. To understand this, we compute the spin moment in the nanoparticles by comparing the particle surface area to that of a thin film. This gives the average M s in the nanoparticles as
where the factor of 3 / 2 arises from the ratio of the surface areas of a sphere compared to a flat film with two interfaces. The constant A obtained from the fit shown in Fig. 3 is 0.147± 0.016 B Å. The moment is weighted by the number FIG. 2 . ͑Color online͒ ͑a͒ L-edge XMCD spectra from the Cu nanoparticles, offset vertically for clarity. The inset shows a typical absorption spectrum. ͑b͒ L-edge spectrum from Co with its absorption spectrum in the inset for a Cu thin film sandwiched between Co. The areas under the L 3 and L 2 peaks were used to obtain the moments listed in Table I . of particles n i of radius r i and summed over the distribution obtained from the TEM images. The calculated moments are 0.013± 0.001 B for the 25 Å particles and 0.009± 0.001 B for the 30 Å particles. The latter value is close to the observed values, the observed value for 25 Å particles is higher than the calculated one. This could be because we scale the moments for nanoparticles from thin films, ignoring changes in the nature of quantum confinement from one dimensional to three dimensional. Also, nonferromagnetic Au nanoparticles have been found to possess an intrinsic moment 17 that increases with decreasing particle size. For Au, this intrinsic moment was attributed to a Fermi hole effect at the particle surface and was inversely related to the Fermi wave vector. 18 It is likely that some of the Cu nanoparticles also possess an intrinsic moment, enhanced by the proximity of Co, leading to a higher average moment. The average spin moment in Co is lower in the nanoparticle samples compared to the thin films. This could reflect suppression by the Cu nanoparticles. This is higher for 25 Å particles because of the larger moment and higher surface coverage. As the particle size increases and coverage drops, the Co moment tends toward the bulk value.
The induced magnetization in Cu nanoparticles embedded in a Co matrix has been deduced using XMCD. The nanoparticles have spin moments more than double that of thin films of comparable thickness, related to the higher interfacial contact with the Co. The small particles may also possess an inherent magnetic moment enhanced by the ferromagnetic matrix. Studies of changes in magnetic behavior by changing the degree of quantum confinement in nanoparticles help in understanding the size effects on magnetism. By forming these structures on various magnetic substrates, it should be possible to understand effects of substrates as well and BLAG lends itself well to synthesize such systems. Combined with the elemental specificity of XMCD, it should deepen our understanding on magnetic interactions across an interface.
